Nitric oxide (NO) has emerged as a fundamental signal molecule involved in the responses of plant to stress. A role for NO in the regulation of methionine sulfoxide reductase (MSR) mRNA expression and high light acclimation was studied in a green macroalga Ulva fasciata Delile. Transfer from darkness to high light (!1,200 mmol photons m À2 s À1 ) inhibited photosynthesis and growth but increased NO production and UfMSRA and UfMSRB transcripts. Treatment with an NO scavenger, 2-(4-carboxy-phenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (cPTIO), at 1,200 mmol photons m À2 s À1 caused a further growth inhibition accompanied by an inhibition of the increase of UfMSRA and UfMSRB transcripts by high light, while treatment with an NO generator, sodium nitroprusside (SNP), alleviated the growth inhibition and enhanced UfMSRA and UfMSRB expression. Exposure to moderate light (300 mmol photons m À2 s À1 ) conditions also increased UfMSRA and UfMSRB transcripts, which were not affected by cPTIO treatment but were enhanced by SNP treatment. So, NO does not mediate the up-regulation of UfMSR genes by transfer to moderate light possibly as a precautionary mechanism in the sense of increasing light intensities in the daytime. In conclusion, NO production can be induced in U. fasciata upon exposure to high light for up-regulation of UfMSRA and UfMSRB expression but the level of NO production is not sufficient for acquisition of full tolerance to high light stress. Enhanced NO production by an exogenously applied NO generator can effectively trigger the high light acclimation process, including UfMSRA and UfMSRB expression.
Introduction
The mechanisms dealing with acclimation and adaptation to stressful environments are critical for macroalgae, especially for those inhabitating in the intertidal region (Lobban and Harrison 1997) . Light is required for photosynthesis, but too much light is harmful to algae. Since high light frequently occurs in the intertidal region, the tolerance to high light stress becomes one of the determinants for vertical and horizontal distribution of intertidal macroalgae. Our preliminary survey has shown that a macroscopic chlorophyte, Ulva fasciata Delile, is abundant in shallow waters and intertidal zones along the Taiwan coast, where light intensities usually rise to >1,800 mmol photons m À2 s À1 at noon, particularly in the summer season. It is interesting for us to examine how the intertidal macroalga U. fasciata acclimates to the transient high light stress at the molecular level.
Photosynthetic organisms are able to acclimate to changing light intensity in their environment. The acclimation process includes changes in the photosynthetic apparatus, presumably to balance energy input and consumption (Boardman 1977) . If energy supply (light harvesting and electron transport) exceeds its dissipation (by CO 2 fixation and other energy-demanding processes), particularly under high light conditions, the photosynthetic electron transport components could become relatively reduced. This may result in excess production of reactive oxygen species (ROS) leading to damage to many cellular processes (Asada 1994) . Under high light conditions, O 2 is photoreduced by PSI to produce O 2 Á À , which is rapidly converted to H 2 O 2 by superoxide dismutase (SOD) (Asada 1999) . If the PSI-derived ROS production is not sufficient for the dissipation of excess light energy, the Chl triplet states will form in PSII and react with O 2 to form 1 O 2 , leading to damage to the PSII reaction center (Hideg et al. 2002 , Krieger-Liszkay 2005 , Flors et al. 2006 . Once formed, ROS promote multiple forms of oxidative damage, including protein oxidation, and thereby influence the function of a diverse array of cellular processes (Berlett and Stadtman 1997) . Proteins are known to be associated with a plant's responses to stressful conditions by being newly synthesized, accumulating or decreasing.
To cope with stressful conditions, plants can evoke mechanisms to deal with the repair of oxidized proteins, stability of proteins, and removal of damaged proteins and their de novo synthesis. Methionine residues in proteins are a major target of oxidation by ROS, which are generated in response to a variety of stresses. Oxidative damage of protein is reversible via the action of repair mechanisms. Methionine would be easily oxidized to form S-and R-diastereomers of methionine sulfoxides (S-MetSO and R-MetSO) (Vogt 1995) , which could modify both the activity and conformation of proteins (Davies 2005) . In attempts to rescue protein function, organisms have developed a repair mechanism for reduction of S-and R-MetSO back to methionine, which is catalyzed by enzymes referred to as methionine sulfoxide reductase A (MSRA; EC 1.8.4.6) and MSRB, respectively (Kumar et al. 2002) . MSRs are known to play a role in the responses of plants to stressful environments. From studies using transgenic Arabidopsis plants under-or overexpressing plastidial MSRA, MSRA is suggested to play a role in the tolerance of plants to stress, particularly oxidative stress (Romero et al. 2004 ). The abundance of plastidial MSRA protein (AtMSRA4) could be increased by severe oxidative stresses, such as high light and methyl viologen, but not ozone (Romero et al. 2004) . By Western analyses of the protein abundance of AtMSRA4, AtMSRB1 and AtMSRB2 in young and mature leaves of Arabidopsis subjected to abiotic stress conditions, Vieira Dos Santos et al. (2005) found that the abundance of these plastidial MSR proteins was increased by exposure to high light (1,400 mmol photons m À2 s
À1
) in low temperature conditions (8 C), a substantial increase of AtMSRB1 during 1-3 d and an increase of AtMSRA4 after a few days. The Arabidopsis AtMSRB9 (AtSXL3) transcript was increased by oxidative stress generated by H 2 O 2 treatment in vitro (Rodrigo et al. 2002) . Recently, the study of the high light responses of an Arabidopsis mutant lacking both plastidial MSRBs, AtMSRB1 and AtMSRB2, which account for most leaf peptide MSR activity, has demonstrated that these two AtMSRBs are essential for Arabidopsis growth under environmental constraints via a role in preservation of photosystem antennae (Laugier et al. 2010) .
Nitric oxide (NO) (Delledonne et al. 1998 , Garcıá-Mata and Lamattina 2001 , Uchida et al. 2002 , Crawford and Guo 2005 , Grün et al. 2006 , Neill et al. 2008 ) is an important messenger in the response of plants to biotic and abiotic stresses. NO is a gaseous bioactive free radical implicated in a number of physiological processes (Anbar 1995 , Hasanuzzaman et al. 2010 . For example, NO signals are involved in stomatal closure (Neill et al. 2002 , Guo et al. 2003 , the activation of mitogen-activated protein kinase (MAPK) (Zhang et al. 2007 ), lateral root development regulation (Correa-Aragunde et al. 2004 ) and the control of genes associated with the cell cycle (Correa-Aragunde et al. 2006) . NO pre-treatment not only increased ROS scavenging enzyme activities but also enhanced the expression of stress-related genes encoding sucrosephosphate synthase, Á 1 -pyrroline-5-carboxylate synthase and small heat shock protein 26 (Uchida et al. 2002) .
NO is generated in algae (Mallick et al. 2002 , Sakihama et al. 2002 , Estevez and Puntarulo 2005 , Ross et al. 2006 , Zhang et al. 2006 , Bouchard and Yamasaki 2008 , Chung et al. 2008 ) and plays a role in the regulation of cell growth and the responses to stress (Murthy et al. 1986 , Vardi et al. 2006 , Zhang et al. 2006 , Bouchard and Yamasaki 2009 , Lehner et al. 2009 , Stephanie et al. 2009 . NO has been proposed some time ago to play a role in the adaptation of an intertidal green macroalga Ulva lactuca to desiccation stress (Murthy et al. 1986 ). However, the mechanism of the NO-mediated adaptation of U. lactuca to desiccation stress is not clear.
We Xu et al. (2010) have identified that the generation of NO can be enhanced by exposure to high light for the acquisition of the tolerance of cold-season turf grass, tall fescue (Festuca arundinacea), to high light stress, via the up-regulation of antioxidant enzyme activity and the inhibition of oxidative stress (ROS contents), in a tolerant cultivar. However, far less is known about the potential role of reactive nitrogen in algal stress responses. It has been reported previously by Murthy et al. (1986) that NO is a signal for the induction of the adaptation mechanism of U. lactuca L., a typical species within the genus Ulva, to desiccation stress in the upper intertidal region. However, the mechanism by which NO initiates adaptation mechanisms in Ulva is not clear.
This study was designed to examine whether NO is involved in the up-regulation of UfMSR expression in U. fasciata by high light (1,200 mmol photons m À2 s À1 ), and also to elucidate whether NO-mediated UfMSRA and UfMSRB expression is one of the acclimation mechanisms for U. fasciata to survive under high light stress by treatment with an NO generator, sodium nitroprusside (SNP), together with or without 2-(4-carboxy-phenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (cPTIO), an NO scavenger. NO production, UfMSRA and UfMSRB transcripts, photosynthesis and growth ability were determined.
Results
Effect of high light on photosynthesis and mRNA expression levels of UfMSRA and UfMSRB
In an attempt to assess the sensitivity of U. fasciata to rising light intensities, the net photosynthetic O 2 evolution rate was determined 1 h after exposure to varying light intensities of 0, 150, 300, 600, 1,200 and 2,000 mmol photons m À2 s
À1
. The net photosynthetic O 2 evolution rate increased linearly as the light intensity increased from 150 to 600 mmol photons m À2 s À1 , followed by a fast decline on exposure to 1,200-2,000 mmol photons m À2 s À1 [one-way analysis of variance (ANOVA), P < 0.001] (Fig. 1A) .
The (Fig. 1B) . This indicates that U. fasciata suffers from high light stress at a light intensity !1,200 mmol photons m À1 s
, but it can acclimate after 3 h. UfMSRA (Fig. 1C) and UfMSRB (Fig. 1E) transcripts increased as the light intensity increased (one-way ANOVA, P < 0.05). The UfMSRA transcript increased at a light intensity !300 mmol photons m À2 s À1 and peaked at 1,200 mmol photons m À2 s À1 (Fig. 1C) . The UfMSRB transcript increased at a light intensity !150 mmol photons m À2 s À1 and reached a plateau in response to 1,200-2,000 mmol photons m À2 s À1 (Fig. 1E ). Transfer to 150 mmol photons m À2 s À1 induced a 2-fold increase in the UfMSRB transcript but did not affect the UfMSRA transcript. This result reflects that the induction of UfMSRB mRNA expression by increasing light intensity was more sensitive than that of UfMSRA.
The time-course dynamics in UfMSRA (Fig. 1D) and UfMSRB ( Fig. 1F ) transcripts in response to 1,200 mmol photons m À2 s
showed that the transcripts of both genes rose rapidly and reached a peak at 1 h, followed by a fast decline (one-way ANOVA, P < 0.05). However, under high light conditions of 1,200 mmol photons m À2 s À1 , the induction of the increase in the UfMSRA transcript was higher than that of UfMSRB. . Data are means ± SD (n = 3) and different letters indicate significant difference at P < 0.05, while * indicates a significant difference by t-test.
Effect of high light (1,200 kmol photons m À2 s À1 ) on NO production NO production in U. fasciata in response to high light (1,200 mmol photons m À2 s
) was assayed by the microscopic observation of fluorescence after incubation of thalli with a fluorescent dye, DAF-MF (4-amino-5-methyl-amino-2 0 , 7 0 -difluorofluorescein), 30 min before high light exposure or chemical treatment. Ulva incubated at 300 mmol photons m À2 s À1 for 1 h showed less NO production ( Fig. 2A) , while exposure to 1,200 mmol photons m À2 s À1 for 1 h elicited significant NO production (Fig. 2B, D) . Because cPTIO can stimulate the oxidation of NO to form N 2 O 3 that will react with DAF dye, the intensity of DAF fluorescence can be increased by the addition of cPTIO (Arita et al. 2007 ). When cPTIO was used to examine whether SNP can release NO for the regulation of gene expression and high light acclimation, DAF dye is inappropriate. As an alternative, the production of NO was detected using a Clark-type NO electrode. The time-courses for NO production are shown in Fig. 3 . As compared with constant NO production in 300 mmol photons m À2 s
, NO production was significantly increased by exposure to 1,200 mmol photons m À2 s
, with a peak at 0.5 h, followed by a gradual decline (P < 0.001) (Fig. 3A) . The increase in NO production at 1,200 mmol photons m À2 s À1 was inhibited by cPTIO treatment (P < 0.001) (Fig. 3A) . Exogenously applied SNP at a concentration of 300 mM triggered a significant production of NO, and enhanced NO production by SNP was abolished by 300 mM cPTIO treatment (P < 0.001) (Fig. 3B ).
To check whether bacteria on or in Ulva contribute to NO production, the antibiotics ampicillin (50 mM) and chloramphenicol (50 mM) were administered separately for 12 h before treatment (1,200 mmol photons m À2 s
, SNP treatment). Using DAF dye and the NO electrode, we found that the content of NO was not influenced by the treatment with antibiotics (data not shown). This indicates that the production of NO in U. fasciata was not caused by bacteria.
Role of NO in growth ability after high light treatment
To elucidate the role of NO in the survival of U. fasciata in the high light condition, cPTIO, SNP or cPTIO + SNP were administrated in the 1,200 mmol photons m À2 s À1 condition and the recovery growth rate was determined at 48 h after release from high light stress to normal light conditions (300 mmol photons m À2 s
À1
). The recovery growth rate was significantly influenced by exposure to 1,200 mmol photons m À2 s À1 and chemical treatments (one-way ANOVA, P = 0.013) ( Table 1 ). In the comparison with the control without transfer to light (0 h) and the controls after transfer from darkness to light conditions for 3 or 6 h, the recovery growth rate was not influenced by the application of cPTIO, SNP or cPTIO + SNP, at 300 mmol photons m À2 s
, while it was markedly decreased by exposure to 1,200 mmol photons m À2 s À1 (Table 1) . Treatment with cPTIO at 1,200 mmol photons m À2 s À1 resulted in a further Fig. 3 Effects of SNP and cPTIO on the changes of NO content (nM) in U. fasciata in response to 300 or 1,200 mmol photons m À2 s À1 . NO content in the medium was assayed by a Clark-type NO electrode. Data are means ± SD (n = 3), and different symbols indicate a significant difference at P < 0.05. decrease in the recovery growth rate, while SNP application significantly promoted the growth rate, and the effect of SNP can be inhibited by the application of cPTIO ( Table 1) . The application of the SNP analogs ferricyanide, ferrocyanide or thiocyanate at a concentration of 100 or 300 mM did not affect the recovery growth rate either at 300 mmol photons m À2 s À1 or at 1,200 mmol photons m À2 s À1 (data not shown). At both 300 and 1,200 mmol photons m À2 s À1 , the recovery growth rate was also not affected by treatment with NaNO 2 , NaNO 3 or KCN at a concentration of 100 or 300 mM (data not shown). These results indicate that the influence of NO released from SNP on algal growth is not due to the side effect of SNP and the by-products following NO oxidation or degradation.
Effect of SNP on NO production and UfMSRA and UfMSRB mRNA levels in moderate light conditions (300 kmol photons m À2 s À1 )
The effect of NO on UfMSR expression was first examined by the application of 100 or 300 mM SNP at 300 mmol photons m À2 s
. NO production was observed by an NO electrode and by the fluorescence emitted from an NO-specific dye by fluorescence microscopic observation. The analysis of NO production by an NO electrode showed that treatment with 300 mM SNP at 300 mmol photons m À2 s À1 led to a marked increase in NO content, a plateau during 0.5-1 h, followed by a decline (Fig. 3B) . Application of 300 mM cPTIO together with 300 mM SNP at 300 mmol photons m À2 s À1 inhibited NO production by SNP treatment (Fig. 3B) . The DAF-FM fluorescence was not detected in the 300 mmol photons m À2 s
-treated control, but was significantly increased by the treatment with 300 mM SNP (Fig. 4) .
Before the examination of the effect of SNP on UfMSRA and UfMSRB expression in moderate light conditions, the effects of the SNP analogs ferricyanide, ferrocyanide or thiocyanate, at a concentration of 100 or 300 mM, were first examined. As shown in Fig. 5 , treatment with these chemicals at a concentration of 100 or 300 mM failed to induce an increase in UfMSRA and UfMSRB transcripts (P < 0.05). Furthermore, NaNO 2 , NaNO 3 and KCN were applied at a concentration of 100 or 300 mM at 300 mmol photons m À2 s À1 . These ions did not show significant effects on UfMSRA (Fig. 5C) and UfMSRB (Fig. 5D ) transcripts (P < 0.05).
The effects of SNP (100 or 300 mM) on UfMSRA and UfMSRB mRNA expression at 300 mmol photons m À2 s À1 are shown in Fig. 6 . A transfer of thalli to the medium containing SNP enhanced the increase of UfMSRA (Fig. 6A) and UfMSRB (Fig. 6B) transcripts by 300 mmol photons m À2 s À1 treatment (P < 0.05). The extent in the increase in UfMSRA and UfMSRB transcripts was not only increased as the SNP concentration increased (P < 0.05) but also increased as the treatment time advanced (P < 0.05). A role for NO in the increase of UfMSRA The relative change in fluorescence was estimated on the basis of 300 mmol photons m À2 s À1 treatment without SNP (1 h) (C). Data are means ± SD (n = 3), and different letters indicate a significant difference at P < 0.05. Data are shown as mean ± SD (n = 3). Different letters indicate a significant difference at P < 0.05. Fig. 5 Effects of ferricyanide, ferrocyanide, thiocyanate, NaNO 2 , NaNO 3 and KCN on UfMSRA (A, C) and UfMSRB (B, D) mRNA levels in Ulva fasciata in response to 300 mmol photons m À2 s À1 . Data are means ± SD (n = 3), and different letters indicate a significant difference at P < 0.05. and UfMSRB transcripts by SNP at 300 mmol photons m À2 s
was further confirmed by the application of 300 mM cPTIO together with 300 mM SNP. The treatment with cPTIO at 300 mmol photons m À2 s À1 inhibited the increase in UfMSRA (Fig. 6C) and UfMSRB (Fig. 6D) transcripts caused by SNP treatment (P < 0.05).
Effects of high light (1,200 kmol photons m À2 s
) and cPTIO on UfMSRA and UfMSRB mRNA levels Because the treatment with 300 mM cPTIO effectively abolished the increase in NO content caused by 1,200 mmol photons m À2 s À1 (Fig. 3) , we therefore hypothesized that NO mediates the up-regulation of UfMSRA and UfMSRB expression by 1,200 mmol photons m À2 s
. This was tested by the addition of 300 mM cPTIO to the medium to scavenge NO with determination of UfMSR transcripts. We found that the application of 300 mM cPTIO partially suppressed the increase in the UfMSRA transcript caused by 1,200 mmol photons m À2 s À1 treatment (Fig. 7A) , and that of the UfMSRB transcript was completely inhibited (Fig. 7B) (P < 0.05). The addition of 300 mM cPTIO at 300 mmol photons m À2 s À1 did not affect UfMSRA (Fig. 7A) and UfMSRB (Fig. 7B) transcripts (one-way ANOVA, P < 0.05).
The previous data from the recovery growth rate showed that the treatment with 300 mM SNP at 1,200 mmol photons m À2 s À1 could preserve the growth ability after high light treatment, and the preservation effect can be abolished by the treatment with cPTIO ( Table 1) . We therefore determined the response of UfMSRA and UfMSRB mRNA expression to the application of SNP together with or without cPTIO at 1,200 mmol photons m À2 s À1 . The treatment with SNP enhanced the transcripts of both genes and their enhancement can be inhibited by treatment with cPTIO (Fig. 7) . The increase in the UfMSRA transcript by SNP treatment was, however, partially inhibited by cPTIO treatment, while that of the UfMSRB transcript was completely inhibited.
Discussion
The present study shows that the production of NO was enhanced in U. fasciata upon exposure to high light. It is well known that NO is not only a cytotoxic but also a cytoprotecting regulator involved in different plant physiological processes and in the responses to abiotic stresses such as drought, salinity, UV radiation and high temperature (Grün et al. 2006 , Lamattina and Polacco 2007 , Hayat et al. 2010 ). However, there have been few studies on the production of NO in plants in response to high light. In the case of tobacco suspension cells, Gould et al. (2003) have reported that a transfer from darkness to light of 100 mmol photons m À2 s À1 and then to a higher irradiance of 400 mmol photons m À2 s À1 led to a decrease in NO production. In contrast, NO production was enhanced by exposure to high light in a cold-season turf grass tall fescue (F. arundinacea) (Xu et al. 2010 ). The present study shows a similar result, that high light triggered NO production in the intertidal green macroalga U. fasciata. Although the production of NO was reported in microalgae and macroalgae (Mallick et al. 2002, Sakihama et al. 2002, Estevez and  . Data are means ± SD (n = 3), and different letters indicate a significant difference at P < 0.05. Zhang et al. 2006 , Bouchard and Yamasaki 2008 , Chung et al. 2008 , Zhang et al. 2008 , to our knowledge this is the first report on the induction of NO production in macroalgae by high light.
2006,
Evidence has suggested that NO is a factor to protect against high light stress in U. fasciata. A decrease in NO production of U. fasciata grown under high light conditions by the NO scavenger cPTIO led to a decline in recovery of growth ability. Although NO could be produced in U. fasciata in response to high light, the recovery of growth ability was still depressed. This suggests that NO generated in U. fasciata is not sufficient for the build up of full tolerance to high light stress. This suggests that if the NO level is increased by an exogenously applied NO generator (SNP), the tolerance of U. fasciata to high light stress can be promoted. We did find that the addition of SNP greatly improves the recovery of growth ability of U. fasciata after high light treatment. NO has been identified to play a role in the adaptation of another species in the Ulva genus, U. lactuca, to desiccation stress in the intertidal region (Murthy et al. 1986 ). In a marine macroalga, Dasycladus vermicularis, the production of NO by wounding plays a role in the rapid wound healing response in controlling peroxidase activities probably involved in the wound healing process (Ross et al. 2006) . In a recent study on the protective effect of NO against light-induced oxidative damage in tall fescue, Xu et al. (2010) reported that NO production was higher for the high light-tolerant cultivar in response to 500 mmol photons m À2 s À1 and there was a depression of NO production by treatment with an NO synthase inhibitor, N o -nitro-L-arginine (L-NNA), resulting in a decline in high light tolerance. Furthermore, the application of SNP markedly lowered photo-oxidative damage in the high light-sensitive tall fescue cultivar in response to high light stress (Xu et al. 2010 ). These findings suggest that NO is an endogenous factor for modulating the tolerance of tall fescue to high light stress. Mostly recently, Cui et al. (2011) have reported in cucumber that scavenging of NO production by treatment with 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO, an NO scavenger), N G -nitro-L-arginine methyl ester (L-NAME, an inhibitor of NO synthase) or tungstate (an inhibitor of nitrate reductase), inhibited 24-epibrassinolide (EBR)-induced tolerance to photo-oxidative and cold stress and partly blocked EBR-induced expression and activities of several antioxidant enzymes. Additionally, the pre-treatment of cucumber with SNP led to increased stress tolerance and expression of antioxidative enzymes (Cui et al. 2011) . The above studies have suggested that NO up-regulates the antioxidant defense system in plants to cope with photo-oxidative stress occurring under high light conditions. The present study has shown that NO is critical for the acclimation of an intertidal green macroalga U. fasciata to high light stress. We proposed that the antioxidative enzymes might be induced by NO as an acclimation mechanism against oxidative stress occurring in high light conditions. However, the response of the antioxidant defense system to NO in U. fasciata in response to high light was not determined in this study. The current data provide evidence showing that the mediation of the high light up-regulation of UfMSRA and UfMSRB expression by NO is essential for tolerance of U. fasciata to high light stress. First, the inhibition of UfMSR mRNA expression by cPTIO (Fig. 7) resulted in a decrease in the recovery of growth ability after high light stress (Table 1) . Moreover, the application of SNP in high light conditions enhanced UfMSRA and UfMSRB mRNA expression (Fig. 7) and the recovery growth rate ( Table 1) . To the best of our knowledge, this is the first time that NO has been shown to act as a regulator for triggering the acclimation process in U. fasciata against high light stress.
The increase in the mRNA expression of (Laspina et al. 2005) . Although the rapid reaction between O 2 ÁÀ and NO to form ONOO À has been suggested as a deleterious mechanism (Leshem 2000) due to the oxidization of DNA, lipids, protein thiols and iron clusters by ONOO -, and in turn impairing enzyme activities and leading to cellular damage (Beligni and Lamattina 1999, Van Breusegem et al. 2001) , peroxides are much more toxic than NO and ONOO-, making NO protective against them (Wink et al. 1993 ). Further, interaction of NO with lipid alcoxyl or lipid peroxyl radicals may break the self-perpetuating chain reaction during lipid peroxidation (Beligni and Lamattina 1999, Van Breusegem et al. 2001) .
The expression of UfMSR in U. fasciata can be significantly induced by high light !1,200 mmol photons m À2 s
À1
. The significant inhibition of the net photosynthetic O 2 evolution rate at light !1,200 mmol photons m À2 s À1 reflects the occurrence of photoinhibition at light !1,200 mmol photons m À2 s À1 and oxidative stress. Both MSRA and MSRB have been suggested to play a role in the tolerance of plants to oxidative stress occurring in high light conditions (Romero et al. 2004 , Vieira Dos Santos et al. 2005 . Using an Arabidopsis mutant lacking both plastidial MSRBs, AtMSRB1 and AtMSRB2, it was suggested that these two AtMSRBs are essential for Arabidopsis growth under environmental constraints via a role in preservation of photosystem antennae (Laugier et al. 2010) . We therefore speculated that the marked induction of UfMSRA and UfMSRB expression by high light !1,200 mmol photons m À2 s À1 is to overcome the photo-oxidative stress in U. fasciata. The expression of UfMSRA and UfMSRB can also be induced by moderate light in the range of 150-600 mmol photons m À2 s
. The induction of UfMSRB expression by light is relatively sensitive compared with that of UfMSRA. The expression of UfMSRB but not UfMSRA can be induced by exposure to 150 mmol photons m À2 s À1 , while, upon exposure to 300 mmol photons m À2 s
, UfMSRB showed a 4-fold increase and UfMSRA only exhibited a 2-fold increase. Because the net photosynthetic O 2 evolution rate increased linearly as the light intensity increased from 150 to 600 mmol photons m À2 s
, the photoinhibition did not occur at 300 mmol photons m À2 s À1 . This agrees with the results of our previous study (Hsu and Lee 2010) . Because NO was not detected in thalli subjected to 300 mmol photons m À2 s À1 irradiance and the application of cPTIO did not affect the up-regulation of UfMSRA and UfMSRB expression by treatment at 300 mmol photons m À2 s
, it evident that NO is not a factor responsible for the induction of UfMSRA and UfMSRB expression by moderate light of 300 mmol photons m À2 s À1 . Hsu and Lee (2010) showed that H 2 O 2 did not accumulate in U. fasciata at 300 mmol photons m À2 s
. Evidently, H 2 O 2 is also not a factor. Using photosynthetic electron transport inhibitors, DCMU, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) and stigmatellin, we have identified that a change in the redox state of photosynthetic electron transport components is attributed to the up-regulation of UfMSRA and UfMSRB expression by 300 mmol photons m À2 s À1 (Hsu and Lee 2010) . A relatively oxidized state of electron transport downstream from the Cyt b 6 f complex is involved in the light up-regulation of UfMSRA gene expression, and a more reduced state of Q o of the Cyt b 6 f complex is required for the light activation of gene expression of UfMSRB (Hsu and Lee 2010) .
Because photo-oxidative stress did not occur at 300 mmol photons m À2 s
, reflected by no increase of H 2 O 2 content, lipid peroxidation (TBARS, thiobarbituric acid reaction substance) and protein oxidation (protein carbonyl group content) (Hsu and Lee 2010 , and our unpublished data), the modulation of the protein repair system by moderate light through a photosynthetic electron transport signal can be considered a precautionary mechanism for the intertidal green macroalga U. fasciata in the sense of increasing light intensities in the daytime.
NO is a signaling molecule in the cascade of events leading to the changes of gene expression (Lamattina et al. 2003 , Laspina et al. 2005 . Although how NO signaling modulates UfMSR gene expression in U. fasciata is yet to be elucidated, NO or its reactive nitrogen species (RNS) relatives, for example ONOO-, may exert their biological actions through the chemical modification of targets, including modification of proteins on cysteine residues through S-nitrosylation or on tyrosine residues through nitration, and also nitrosylation of transition metals of metalloproteins (metal nitrosylation), especially within the heme moiety (Besson-Bard et al. 2008 , Baudouin 2011 . These processes are emerging as specific post-translational protein modifications; >100 proteins have been identified (Besson-Bard et al. 2008) . Now, the role of tyrosine nitration by NO-derived species, notably ONOO -, for UfMSR gene expression in U. fasciata in response to exogenously applied SNP has been investigated.
In conclusion, NO is not an internal factor for up-regulation of UfMSR expression by moderate light and the production of NO is not enough for the acquisition of full tolerance to high light in U. fasciata, but enhanced NO production by exogenously applied SNP can effectively trigger the high light acclimation process, including UfMSRA and UfMSRB expression.
Materials and Methods

Algal culture and treatments
Ulva fasciata of 15-20 cm plant height were collected from the intertidal region of the Hsitzu Bay in Kaohsiung in southern Taiwan. Plants were washed with natural seawater to remove sand, and rhizoidal portions were cut to avoid microbial contamination in the subsequent cultures. These thalli were pre-incubated at 25 C for 14 d in 30% nutrient-enriched artificial seawater [ASW; 403.5 mM NaCl, 10 mM KCl, 10 mM CaCl 2 , 30 mM MgSO 4 , 10 mM Tris-HCl (pH 8.0), N-(NH 4 + and NO 3 -) and P-(PO 4 3-) free Provasoli nutrient solution (Provasoli 1968) , 3 mM NaHCO 3 , 400 mM NaNO 3 and 20 mM Na 2 HPO 4 ] and aerated using an air pump (100 ml min
À1
). Illumination time was 12 h and photosynthetically active radiation (PAR, 400-700 nm) was 100 mmol photons m À2 s À1 . Before treatment, thallus segments (3-5 cm in length) of 3 g wet weight (w. wt.) were incubated in a 1,000 ml beaker containing 500 ml of 30% nutrient-enriched ASW for 24 h at 25 C (12 h of 150-200 mmol photons m À2 s À1 and 12 h darkness) under aeration (100 ml min
). After 1 week of incubation, thalli of 1.20 g w. wt. were transferred to a polycarbonate vessel (Magenta GA-7 vessel, Sigma) containing 300 ml of nutrient-enriched ASW (Lee et al. 2005 ) with aeration at a flux rate of 100 ml min
. The photoperiod was 12 h, the temperature was 25 C and the light intensity was 300 mmol photons m À2 s À1 provided by cool-white fluorescent lamps (FL60D, 40W, China Electric Apparatus Ltd.). After 2 d of preincubation, thalli of 0.20 g w. wt. were transferred to a 100 ml beaker containing 50 ml of fresh 30% nutrient-enriched ASW and transferred from the dark to 0 (kept in darkness), 150, 300, 600, 1,200 or 2,000 mmol photons m À2 s À1 (HQITS 150w/D, OSRAM) for 1 h. All the treated thalli were aerated (100 ml min À1 ). After 1 h of treatment, thalli were fixed in liquid nitrogen and stored in a À70 C freezer until analysis. For the treatment with SNP (100 or 300 mM), healthy thalli of 0.20 g w. wt. were transferred to a 100 ml beaker containing fresh medium (50 ml of 30% nutrient-enriched ASW) for 2 d [12 h light (300 mmol photons m À2 s À1 )/12 h dark] and then transferred from darkness to 300 mmol photons m À2 s
(HQITS 150w/D, OSRAM). Because cyanide can be produced by SNP degradation, or due to possible modification of cyanide to thiocyanate induced by cell metabolism (Hou et al. 1999) , the effects of potassium ferricyanide [K 3 Fe(CN) 6 ; an analog of SNP that is unable to release NO], potassium ferrocyanide [K 4 Fe(CN) 6 ] and sodium thiocyanate (NaSCN) were applied individually to thalli at a concentration of 100 or 300 mM.
Because NO in oxygen-containing aqueous solution can be oxidized to NO 2 followed by dimerization to N 2 O 4 , and then water reacts with N 2 O 4 to form NO 2 -and NO 3 - (Gilbert and Thomas 1972) , NaNO 2 and NaNO 3 at a concentration of 100 or 300 mM were applied to determine whether the effect of NO on gene expression and growth rate was caused by NO 2 -or NO 3 -. Furthermore, as SNP would slowly break down to release five cyanide ions (Ikeda et al. 1987) , the effect of cyanide on gene expression and growth rate was tested by treatment with KCN at a concentration of 100 or 300 mM.
Determination of photosynthetic O 2 evolution rate
The net photosynthetic O 2 evolution rate was measured following the method of Lee and Chen (1998) by detecting the amounts of O 2 released by Ulva strips using a Clark-type oxygen electrode fitted with a DW3 chamber (Hansatech) thermostated at 25 C. After exposure to different intensities, an Ulva strip of 50 mg w. wt. (about 2.5 cm long) was quickly cut and held with a nylon hook in a 20 ml square section reaction vessel filled with 15 ml of ASW (pH 8.0) within 2 min, and then O 2 evolution was determined at the same light intensities with which the thalli had been treated. The light source was low voltage tungsten halogen lamps (12 V, 50 W, Sylvania).
Determination of recovery growth rate
In an attempt to elucidate the effect of NO on the tolerance of U. fasciata to high light, the growth ability was determined according to Sung et al. (2011) . The effects of SNP, cPTIO or their combination on the acclimation of Ulva thalli to high light treatment (6 h) were examined by the transfer of high light (1,200 mmol photons m À2 s À1 )-treated thalli back to 300 mmol photons m À2 s À1 for another 48 h under a 12 h light/12 h dark cycle. The temperature was set at 25 ± 1 C. After recovery for 48 h, thalli were sampled for the determination of recovery growth rate as compared with the initial dry weight after high light treatment. The dry weight of thalli after high light treatment was determined as W 0 . Upon recovery at 300 mmol photons m À2 s À1 for 48 h, thalli were lyophilized and weighed to obtain a value for W 2 . The recovery growth rate was ex-
Detection of thallus NO production
An NO-sensitive fluorescent dye, DAF-FM diacetate (Invitrogen Life Technologies), was used to examine NO production. DAF-FM diacetate is a pH-insensitive fluorescent dye that emits increased fluorescence after reaction with an active intermediate of NO (Kojima et al. 1998 ). Thalli were pre-incubated in ASW medium containing DAF-FM diacetate, at a final concentration of 1 mM for 60 min at 25 C. Then, thalli containing DAF-FM diacetate were washed twice with ASW and then treated with SNP or transferred to 1,200 mmol photons m À2 s
À1
. Next, cells with a positive signal of green fluorescence were observed with a fluorescence microscope at excitation wavelengths of 450-490 nm and an emission wavelength of 515 nm (Nikon 80i Fluorescence Microscope, Nikon. To quantify the fluorescence of DAF-FM, the relative change in DAF-FM fluorescence was estimated using NIS-Elements Basic Research 3.0 software (Nikon).
The content of NO in the medium was also determined as the production of NO in thalli. Since the production of NO can be electrochemically detected by an NO electrode in plants (Liu et al. 2005 , Mura et al. 2011 ) and also in a green alga Chlamydomonas reinhardtii culture (Sakihama et al. 2002) , a Clark-type NO electrode (ISO-NOP from World Precision Instruments) was used here for measuring NO production of U. fasciata. The NO electrode was inserted directly in a 100 ml beaker containing 0.2 g w. wt. of Ulva thalli in 50 ml of medium. The beaker was put in a shaker at a speed of 100 r.p.m. under irradiance as mentioned above. The content of NO in the medium was determined in three replicate beakers and expressed in nM.
RNA isolation, cDNA synthesis and quantification of mRNA level by quantitative real-time PCR Total RNA was extracted by TRIZOL Reagent (Invitrogen Life Technologies) following the manufacturer's instruction. After digestion wiht DNase I, 1.5 mg of RNA was transcribed to cDNA with PowerScript Reverse Transcriptase Kit (Clontech) using oligo(dT) 18 according to the manufacturer's instructions. Real-time quantitative PCR using the LightCycler Õ 480 system (Roche Applied Science) was performed. A master mix for each PCR run was prepared with the LightCycler Õ 480 SYBR Green I Master Kit (Roche Applied Science). Before mRNA level determination, the standard curves for genes were determined using a series of cDNA templates in the range 0, 0.01, 0.1, 1, 10 and 100 ng ml À1 from one initial control sample and one light exposure sample (1 h after 300 mmol photons m À2 s À1 treatment). Based on these results, the cDNA template concentration of 1 ng ml À1 was chosen for real-time PCR of all samples. The amplification curve and melting curve were checked and primers that generated a single dissociation peak were used. Each reaction, which was performed in a total volume of 10 ml, contained 1Â Master Mix, 0.3 mM of each primer and cDNA corresponding to 10 ng of RNA in the reverse transcriptase reaction. The amplification program started from an initial denaturation at 95 C for 5 min, followed by 40 amplification cycles including annealing at 60 C for 10 s, elongation at 72 C for 5 s, real-time fluorescence measurement, and then denaturation at 95 C for 15 s. The dissociation curves were performed after the PCR, and the fluorescence was analyzed by the LightCycler Õ 480 system. The product was analyzed by electrophoresis to assess the presence of a unique final product. The PCR product was a single DNA fragment with a certain length as predicted. The PCR products were then purified from the gel and cloned for nucleotide sequencing. Sequences of PCR products agreed with the predicted gene sequence. Software used auto C T to determine the threshold of each gene, and the 2 ÀÁÁCT method was used to calculate the C T values, in which the relative change in mRNA level was normalized to a reference gene, a-tubulin (UfTUB, GenBank accession No. EU701065). The fold increase or decrease in RNA level was calculated relative to an RNA sample from 30% thalli without chemical treatment. Data shown were the average of three replicated samples. The forward and reverse primers of UfMSRA, UfMSRB and UfTUB were according to Hsu and Lee (2010) .
Chemicals and statistical analyses
Chemicals were purchased from Merck or Sigma. Statistics were analyzed by SAS (SAS v 9.01). The data were shown as the mean of three replicates with a vessel as a replicate and analyzed by ANOVA. The differences among means were tested by t-test or Duncan's new multiple range test following significant ANOVA at P < 0.05.
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